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The conversion of alcohols into alkyl halides is one of the most important 
reactions in organic chemistry.  Development of new methodology is still desirable in 
academic research.  Unfortunately, the hydroxyl group of the alcohol is relatively difficult 
to replace under normal conditions.  That necessitates the conversion of alcohols to a 
more activated functionality before nucleophilic substitution becomes viable.  Under 
vigorous conditions, the replacement is straightforward.  Procedures for the generation of 
halides from alcohols have been extensively examined, e.g., using HX or Mitsunobu 
inversion.  However, these methods require time, strong acid, or catalysis to proceed. 
These classical methods suffer from issues surrounding the toxicity of the reagents used 
or the difficult purification of the products.  This research provided a new technique for 
promoting nucleophilic chlorination of primary, secondary, and tertiary alcohols by the 
aromatic cationic activation of the hydroxyl group of the alcohols.  The chemical 
conditions for this transformation are relatively benign and the reaction proceeds rapidly. 
The kinetics of the reaction were studied by both infrared and ultraviolet-visible 
spectroscopy.  The reaction order was determined and the rate constants were calculated 
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Alcohol Activation for Nucleophilic Substitution 
 
The substitution of activated alcohols is a frequently used approach not only in 
organic synthesis but also for preparing active pharmaceutical ingredients.1 Substitution 
of the hydroxyl group in alcohols by nucleophiles intrinsically requires some type of 
activation.  Since the hydroxyl group is a poor leaving group, it generally should be 
activated before treatment with a chlorination reagent.  This transformation must be 
accomplished before nucleophilic substitution becomes feasible.  Many reagents have 
been employed to carry out this transformation (see Figure 1).  Some of the methods 
developed for this purpose utilize reagents such as PCl3, HCl, and PPh3\diethyl 
azodicarboxylate (DEAD).  Development of an alternative strategy is still needed.   
 
 




Alkyl halides are very useful reagents in organic chemistry as well as in chemical 
and molecular biology.  The alkyl halides have been utilized in the synthesis of many 
effective drugs.  They are useful in nanomaterial fabrication and nanotechnologies.2 
Halogenated compounds also play a significant role in organic synthesis.  They react with 
nucleophiles to give the corresponding products and can be lithiated to work as 
electrophiles.  The alkyl iodides possess an important role in the formation of carbon-
carbon bonds by free-radical and organometallic reactions.3 
Activation of alcohols towards nucleophilic substitution can occur by converting 
them into alkoxyphosphonium ions.  Activating the alcohols using a combination of 
triphenyl phosphine and diethylazodicarboxylate (DEAD) is known as the Mitsunobu 
reaction, which occurs by the formation of a phosphorus ester that activates the hydroxyl 
group in the reaction.  Inversion of stereochemistry in this reaction indicates an SN2 
mechanism for the final step in the process.  Another method to activate the alcohols is 
based on in situ generation of chlorophosphonium ions.  This process involves formation 
of chlorophosphonium ions and can occur by the reaction of triphenylphosphine with 
carbon tetrachloride.4 
The classical conversion of primary alcohols to chlorides involves the use of 
hydrogen chloride gas in the presence of a catalytic quantity of zinc chloride as a catalyst. 
This is known as the Lucas reagent.  The use of aqueous hydrochloric acid, however, is 
less suitable because of the poor yield and the large amount of zinc chloride required.  To 
overcome this difficulty, phase-transfer catalysts in a heterogeneous system have been 
used.5 Tertiary alcohols react readily with concentrated hydrochloric acid, but primary 
and secondary alcohols react so slowly that a catalyst is needed.  Usually, unsaturated 
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alcohols are converted to saturated alkyl halides.6 Because the use of HCl shows poor 
results for the conversion of an alcohol to an alkyl chloride, a catalyst such as the zinc 
used in the Lucas reagent is required.  This reaction was improved by adding zinc 
chloride and had the advantage of milder conditions and commercial availability, making 
it an efficient reagent system in industry.  One way to prepare this reagent is by bubbling 
hydrogen chloride gas into a solution of zinc chloride to get a 1:1 solution of ZnCl2: 
HCl.7 This process results in converting the poor hydroxyl leaving group to a better one. 
By protonating an alcohol, the hydroxyl group is converted to H2O, making the alcohol 
active toward nucleophilic substitution reactions.  
Another general method for converting alcohols to halides involves reactions of 
alcohols with halides of certain nonmetallic elements.  Thionyl chloride and phosphorus 
trichloride are the most common representatives of this group of reagents. For example, 
primary and secondary chlorides can be synthesized from their corresponding alcohols by 
a 1:1 mixture of thionyl chloride and benzotriazole in an inert solvent such as 
dichloromethane as shown in Figure 2.8 
Conversion of alcohols into iodides using potassium iodide in a phosphoric 
acid/phosphorus pentoxide mixture is a well-established transformation in organic 
chemistry.  It is a very convenient reaction for unfunctionalized primary, secondary, and 
tertiary alcohols.6 
Fluorination of alcohols is also possible and can be achieved by the reactions of 
dialkylaminosulfur trifluorides (DAST) with alcohols.  For instance, the reaction of 
DAST with an alcohol can replace the hydroxyl group of the alcohol with fluoride.  Other 








The typically used reagents discussed above are either toxic or they need vigorous 
conditions to be used.  For example, the use of phosphorus reagents, e.g., Mitsunobu 
reagents, is complicated because the resulting reaction mixture contains the product and 
byproducts (triphenylphosphine oxide and hydrazine dicarboxylate).  Purification of the 
halide product from these byproducts requires additional processing.  In addition, DEAD, 
one of the Misunobu reaction’s starting materials is explosive, expensive, and its 
hydrazine byproduct is toxic.  For these reasons, commercial use and production of the 
Mitsunobu reaction has been limited.10  The use of HCl in this reaction is also limited to 
acid-stable, saturated, unfunctionalized alcohols.6  Moreover, some of these methods are 
only applicable for either primary, secondary, or tertiary alcohols.  Therefore, 
development of a new procedure to convert primary, secondary, and tertiary alcohols to 
their corresponding alkyl halides is still needed. 
Aromatic Cationic Activation of Alcohols 
As mentioned above, alcohols must be converted to a more active functionality 
before nucleophilic substitution becomes viable.  One possible strategy for the activation 
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of alcohols was proposed by Kelly and Lambert11 and is based on the formation of 
activated aromatic cations. The aromatic starting material was cyclopropene.  The 
activation of alcohols should be possible through the mechanism proposed in Figure 3.  
 
 
Figure 3.  Mechanistic design for alcohol activation by cyclopropenium ion. 
 
A cyclopropene 1 with two geminal substituents (X) may exist in equilibrium 
with cyclopropenium salt 2.  In the presence of an alcohol, the cyclopropenyl ether 3 is 
formed and then re-ionizes via the dissociation of the remaining halogen to give the 
highly activated alkoxycyclopropenium ion 4.  Nucleophilic substitution in a final step is 
then possible, and the product 5 would be synthesized along with cyclopropenone 6.11 
The Halogenation Reaction and Mechanism 
In the present study, a procedure was investigated for an efficient conversion of 
alcohols to their corresponding chlorides under neutral conditions by treatment with 9,9- 
dichloroxanthene.  The conversion of primary, secondary and tertiary alcohols into 
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chlorides was studied using dichloroxanthene in toluene as the chlorinating reagent.  The 
reaction was very convenient and a rapid and efficient conversion to chlorides was 
achieved.  The chlorination reagent was efficient and was able to activate the hydroxyl 
group of the alcohol by forming aromatic cation intermediates. The relative unknown 
reaction provided a one-pot conversion of an alcohol to the corresponding alkyl halide.  
By applying the mechanism described by Kelly and Lambert11 to the reaction 
between primary, secondary, and tertiary butanols with 9,9-dichloroxanthene, the 
chloride ion represents the nucleophile in the reaction.  Thus, the chloride ion attacks the 
activated alcohol after its liberation from the dichloroxanthene.  As a result, the butanols 
are converted into butyl chlorides. 
The reaction pathway for this reaction is presented in Figure 4.  It was reasoned 
that the activation of the hydroxyl group of the alcohol toward nucleophilic displacement 
should be possible via this mechanistic design.  9,9-Dichloroxanthene (7) might exist in 
equilibrium with its salt (8).  Addition of an alcohol to this salt would produce an ether 
(9) that re-ionizes via dissociation of the remaining chloride ion.  This cationic ether (10) 
was believed to be a highly activated aromatic intermediate.  The facile loss of the 
chloride allows the hydroxyl group of the alcohol to be activated and then replaced by the 




Figure 4.  Mechanism for chlorination reaction. 
 
This research explored the kinetics of the transformation of alcohols to their 
corresponding alkyl chlorides using this novel technique.  This reaction was studied to 
determine the rate of the process, which should be different for primary, secondary and 
tertiary alcohols.  The main purpose of this research was to study the kinetics of this 
reaction by determining the rate constant for each reaction and determining the order of 
the halogenation reaction. 
Introduction to Substitution Reactions 
  Substitution reactions are chemical reactions wherein one group or atom is 
substituted for another group or atom.  Sometimes, the new group takes the same 
structural position of the leaving group.  Substitution reactions involve the formation of a 
new bond and the breaking of an old one.  According to the nature of the reagent and the 
nature of the site of substitution, these reactions can be classified as electrophilic, 
nucleophilic, or radical.12 
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 Nucleophilic substitution reactions are chemical reactions for aliphatic 
compounds in which the leaving group is attached to an sp3-hybridized carbon atom.  
They are one of the most important reactions in aliphatic organic chemistry. Fortunately, 
the mechanisms of nucleophilic substitution reactions are well understood.  There are two 
main mechanisms: SN1 and SN2, where S stands for ‘substitution’ and N for 
‘nucleophilic’.  The “1” and “2” refer to the molecularity of the reaction as either 
unimolecular or bimolecular in the rate-determining step of the mechanism. 
The mechanism for a given transformation depends upon the structure of the alkyl 
group bearing the leaving group.  Primary and secondary substrates tend to react by the 
bimolecular SN2 route where the incoming nucleophile attacks at the same time as the 
leaving group departs, resulting in Walden inversion at the carbon atom to which the 
halide was attached.  On the other hand, tertiary substrates tend to follow SN1 reaction 
mechanisms.12 The main pathways for the conversion of alcohols to alkyl halides are 
either SN1 or SN2 mechanisms. 
SN1 Mechanism 
 The SN1 mechanism is a unimolecular, multi-step reaction.  Heterolytic cleavage 
of the carbon-leaving group bond forms an intermediate carbocation.  This step is 
considered the rate-determining step. This step is followed by the addition of a 
nucleophile to the carbocation.  The reaction is first order in the substrate and 
independent in the nucleophile concentration.16 Substitution reactions on tertiary alcohols 
tend to follow the SN1 reaction mechanispm due to their ability to form stable carbocation 
intermediates.  The high degree of steric constraint on the back side of the tertiary alcohol 
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also prohibits the approach of the nucleophile prior to the formation of the flat sp2-
hybridized carbocation (see Figure 5). 
 
 
Figure 5.  SN1 mechanism.  Attack of the nucleophile on the planar carbocation can occur 
via pathway “a” or “b” resulting in the corresponding product “a” or “b.” 
 
Evidence for the SN1 mechanism exists.  For example, a chiral substrate would be 
expected to generate a racemic product mixture after the reaction.  However, some 
studies have indicated that loss of the leaving group physically restricts the addition of 
the nucleophile to the front side of the carbocation.  Thus, a completely racemic product 
mixture is rarely observed.  More often than not, the inversion product resulting from 
more backside attack than front-side attack predominates.  In any case, scrambling of the 
stereochemistry at the reaction center occurs.14  The kinetics of the SN1 mechanism are 
first-order in the substrate and zero order in the nucleophile.  This can be determined by a 
linear relationship between the natural logarithm of the concentration of the substrate 
versus time for the reaction.  The rate constant for the reaction is equal to the negative of 
the slope of that linear relationship.15 
SN2 Mechanism 
Unlike the SN1 mechanism, the SN2 mechanism is a bimolecular reaction, and it is 
a one-step process.  A typical feature of this mechanism is the backside attack that results 
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in a Walden inversion.  In the SN2 mechanism, the old bond is broken and the new bond 
is formed in a concerted fashion.  The nucleophile attacks the substrate from the opposite 
side of the leaving group, leading to a transition state where the carbon atom has adopted 
an sp2-like geometry.  After completion of the reaction, a product with inverted chemistry 
is formed, known as Walden inversion.16  Primary and secondary alcohols are expected to 
follow this route because of the ease of approach of the nucleophile to the backside of the 
substrate.  Moreover, a step-wise release of the leaving group from the substrate would 
not be preferred as it would generate a primary or secondary carbocation that is relatively 
unstable (see Figure 6). 
 
Figure 6.  SN2 mechanism.  Approach of the nucleophile only occurs on the backside of 
the carbon-leaving group bond and results in inversion of the stereochemistry in the 
product molecule. 
 
The kinetics of the SN2 mechanism are first-order in the substrate and first order 
in the nucleophile.  This can be determined by keeping the concentration of one of the 
two reactants (substrate or nucleophile) large.  The resulting rate law would then be 
described as a pseudo-first order reaction in the other reactant.  Thus, if the concentration 
of nucleophile is kept large, a plot of the natural logarithm of the concentration of the 
substrate versus time for the reaction would result in a linear relationship.  The rate 
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constant for the pseudo-first order reaction is equal to the negative of the slope of the 
linear relationship.17 
Infrared Spectroscopy: The General Principles 
 The spectroscopic technique that uses infrared light to examine or quantify 
chemicals is called infrared spectroscopy.18 IR spectroscopy is the measurement of the 
interactions of waves of the infrared portion of the electromagnetic spectrum with matter.  
The infrared (IR) spectrum starts beyond the red region of the visible spectrum at a 
wavelength of 700 nm and extends to the microwave region at wavelength of 0.1 cm.  
The observed interactions in the IR spectrum involve the energies associated with 
a change in the vibrational states of the molecule.  The absorption of the IR energy 
follows the Beer-Lambert Law in dilute solutions; therefore, infrared spectroscopy is 
useful for both elucidation of molecular structure and the quantification and identification 
of different species in a sample.19 If a molecule absorbs infrared radiation, a change in the 
energy due to vibrations or rotations occurs in the molecule.18 In organic chemistry 
techniques, IR spectra are mostly represented as a plot of percent transmittance (% T) 
versus wavenumber (in cm-1). However, IR spectra utilized in many other disciplines are 
plotted in terms of absorbance (A) versus wavelength (in units of micrometers). The 
relationship between absorbance and % T is related by the following equation: 
 -log T= A  (1) 
Therefore, the conversion from A to % T is relatively straightforward.20 
Instrumentation for Infrared Spectroscopy:  
Typical System Components 
 A source of infrared energy (IR light), a means for separating the IR light into 
different wavelengths, a sample holder, and a detector are required in IR spectroscopy. 
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The IR light source is usually an inert rod that is heated.  The heated material, often 
silicon carbide, SiC, (producing a device called a globar), or a mixture of rare-earth 
oxides (giving a device called a Nernst glower), is used to generate the infrared energy.  
Ionic salts such as NaCl, KBr, and CsBr, which are transparent to the IR radiation, are 
used to construct the IR sample holder.  These ionic salts are soluble in water.  They can 
be replaced by less soluble, yet more expensive salts such as CaF2 and AgCl depending 
on the sample.21 
Fourier Transform Infrared Spectroscopy 
 Fourier Transform Infrared Spectroscopy (FT-IR spectroscopy) is a measurement 
technique frequently used to identify chemicals.  Because absorptions in IR spectroscopy 
follow the Beer-Lambert Law, the technique can be used to study chemical reactions as a 
function of time.   
The FT-IR was developed to overcome the limitation encountered with the 
continuous wave IR spectrometer.  The FT-IR spectrometer differs from the continuous 
wave IR spectrometer since it allows all IR radiation wavelengths to interact with the 
sample simultaneously instead of scanning through the individual wavelengths.  The 
absorbances by a molecule are obtained by a device known as an interferometer, which is 
a very simple optical device that causes negative and positive interference to occur.  The 
major advantage of the FT-IR spectrometer is the speed by which the spectrum is 
obtained (typically a few seconds), which allows large amount of data to be gathered in a 
short time period.  FT-IR is preferred over continuous wave, dispersive or filter methods 
of infrared spectral analysis because it is a non-destructive technique and provides a 
precise measurement with no external calibration.22 The spectrum of a beam of incident 
13 
 
IR radiation in FT-IR is obtained by generating an interferogram with Michelson 
interferometer.  Subsequently, the interferogram is inverted by means of a cosine Fourier 
transform in the spectrometer.23 As the interferogram is measured, all frequencies are 
measured simultaneously.  To plot IR spectra, the interferogram has to be interpreted (see 
Figure 7).  A means of decoding the individual frequencies is accomplished by a 
mathematical technique called the Fourier transformation.22 
 
 




Most interferometers used today for infrared spectrometry are based on the two-
beam type originally designed by Michelson in 1891.24  The Michelson interferometer is 
a device where light strikes a partially reflecting plate and the beams are recombined and 
interfered either destructively or constructively at the plate.  The Michelson 
interferometer, which uses two mirrors (or other reflecting surfaces) as shown in Figure 
8, divides an incoming beam of radiation into two equal parts with each part continuing 
along a separate path.  As one mirror moves, the detector records the interference pattern 
14 
 
produced by the superposition of the two beams, which are split and recombined by the 
beam splitter.  When the two beams are recombined, a condition is created under which 
interference can take place.  That interference depends upon the speed and displacement 
or movement of one of the mirrors. Interference occurs when two beams of radiation are 
added together or combine to form one summation signal.25 
 
 
Figure 8.  Michelson interferometer. 
 
Infrared Spectra for Alcohols 
Molecules generally have many bonds and each bond may be a part of an IR-
active vibrational mode.  The fact that specific bonds within the molecules reproducibly 
absorb specific wavelengths of IR energy makes the use of IR spectra very helpful for 
identifying compounds.  This can be done by identifying specific absorbances in the IR 
spectrum and relating those to the structure of a molecule or by comparing the spectra 
with authentic samples in a method known as fingerprinting.26  For example, a strong, 
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broad band between 3500 and 3200 cm-1 is due to the hydrogen-bonded O-H stretching 
mode of an alcohol.27  In some cases, it is possible to observe an O-H stretch that is not 
participating in hydrogen bonding.  Such a signal occurs as a sharp absorbance at 3600 
cm-1.26  The weakening of the hydrogen-oxygen bond, as a consequence of the hydrogen 
bonding, causes this shift from 3600 cm-1 to approximately 3300 cm-1.  
Ultraviolet-Visual Spectroscopy 
Ultraviolet visual spectroscopy (UV-Vis spectroscopy) is a common method for 
analyzing molecules.  This technique is defined as a type of spectroscopy used to 
examine the interaction of the analyte with ultraviolet or visible light through 
absorption.28  The absorption of ultraviolet (UV) radiation by atoms and molecules 
involves transitions of the electrons to highly excited energy levels.  The UV spectral 
region extends from about 400 nm to the side of the X-ray region at ~ 10 nm.29  Visible 
light spans wavelengths of energy from 400-700 nm.  The absorption of ultraviolet and 
visible light, especially in the range of 200-780 nm, often involves electronic transitions 
in molecules by π electrons or nonbonded electrons (n) as they transition to an excited 
electron state, usually the π* orbitals within a compound.  In other words, π to π* and n to 
π* transitions predominate in the UV-vis spectrum.   Because of that, organic compounds 
with only single bonds and no π or nonbonded electrons tend not to absorb in this region 
of the UV-vis spectrum.  This means that saturated hydrocarbons cannot be observed, 
measured, or evaluated by UV-Vis spectroscopy.28  UV-Vis absorptions are particularly 
sensitive for unsaturated organic compounds, mainly those containing aromatic or 
carbonyl groups, where the π to π* transition is very easy to accomplish.30  Therefore, 
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9,9-dichloroxanthene, an aromatic compound, can be considered a very good UV-vis 
reagent. 
 A plot of absorbance versus wavelength is known as a UV-vis spectrum.  The x-
axis for a typical UV-vis absorption spectrum is commonly expressed in nanometers.  
The y-axis is often plotted in terms of absorbance at each wavelength.31 Most UV-vis 
spectra are obtained by measuring the intensity of monochromatic radiation across a 
range of wavelengths passing through a solution in a cuvette.32 
Instrumentation for Ultraviolet-Visual  
Spectroscopy: Typical System  
Components 
 
 The instrument used to examine the absorption of light in UV-Vis spectroscopy is 
known as a UV-Vis spectrophotometer.  The spectrophotometer has four basic 
components: a source of light, a monochromator for selecting the wavelength of the 
radiation for analysis, a sample holder (a cuvette), and a detector.  A common source for 
visible light is a tungsten lamp.31 Materials such as quartz or glass can be used to 
construct the UV-vis cuvette.21 
Techniques for Very Fast Reactions 
Some reactions are so fast that special techniques have to be employed.  The main 
reason why conventional techniques lead to difficulties for very rapid reactions is the 
usual time it takes to mix reactants might be significant in comparison with the half-life 
of the reaction.  This difficulty can be surmounted by using special techniques for 
bringing the reactants very rapidly into the reaction vessel and for mixing them.  Usually, 
it takes several seconds to a minute to bring a mixture of gases or liquids into a reaction 
vessel and to have it completely mixed using conventional techniques.  This time can be 
17 
 
reduced greatly by using methods such as stopped-flow techniques, one form of which is 
shown schematically in Figure 9.33 
 
 
Figure 9.  A schematic diagram of a stopped-flow fluorescence spectrophotometer.37 
 
 
 Stop-flow mixing has the advantage that only small samples are required.  The 
apparatus acts as an efficient and very rapid mixing device.  Stop-flow methods always 
require an inline timing device because the time analysis must be very rapid. 
Spectroscopic methods using pulsed radiation are used as stop-flow devices because they 
can be both analytical and timing devices.  Two solutions are rapidly forced through a 
mixing chamber from which there is an exit into a tube.36 Two syringes actuate the flow 
manually or automatically.  The flow is then suddenly stopped.  Measurements of the 












The direct conversion of alcohols to alkyl halides is a transformation widely 
utilized in organic synthesis, and there are a number of reagents that are used for this 
purpose.  Because of the poor leaving group ability of the hydroxyl group, the activation 
has to occur before nucleophilic substitution by the chloride anion.38  To accomplish this 
goal, many reagent systems have been utilized.  The most commonly used reagents that 
convert the hydroxyl group of an alcohol into a good leaving group are based on 
phosphorus chemistry.  These procedures often generate stoichiometric quantities of 
triphenylphosphine oxide or diphenyl methylphosphanate, which can cause difficulties in 
product separation.  For example, alkyl iodides can be synthesized by the reaction of 
alcohols with phosphorus triiodide.  This reaction produces the toxic byproduct H3PO3.2 
In spite of the difficulties involved, the most common precursors for the 
preparation of alkyl halides are the corresponding alcohols; a variety of techniques have 
been developed to obtain this conversion.  Typically, the overall conversions occur via 
nucleophilic substitution using several reagents.39 However, halide ions are not strong 
enough nucleophiles to replace the hydroxyl group under normal conditions. The 
hydroxyl group can be converted to a halogen by adding either a strong acid such as HX, 




Tertiary halides are easily made via a first-order process in the reaction of the 
corresponding tertiary alcohols with concentrated HX.  For example, tert-butanol reacts 
readily with hydrobromic acid to give the corresponding bromide predominantly by the 
SN1 mechanism. In this mechanism, the alcohol is protonated first to improve the nature 
of the leaving group, the hydroxyl group.  Water rather than the -OH group leaves, 
allowing the formation of a stabilized carbocation.40  
Primary and secondary alcohols react slowly in hydrohalic acids, so a catalyst is 
often employed.  Rearrangement does not appear to be a problem for the primary 
alcohols, indicating that the reaction proceeds primarily via an SN2 mechanism.  For 
example, unsubstituted primary alcohols can be converted to the corresponding alkyl 
bromides using hot, concentrated hydrobromic acid.  Unfortunately, these methods are 
applicable only to acid-stable, unfunctionalized, simple alcohols.6  In another example, 
primary alcohols can be converted into alkyl chlorides by either using either gaseous 
hydrogen chloride or aqueous concentrated hydrochloric acid in the presence of zinc 
chloride as a catalyst.  In this last example, a large amount of zinc chloride is necessary 
for adequate conversion to the alkyl chloride.5 
As mentioned previously, the use of agents other than hydrohalic acids for the 
conversion of alcohols to alkyl halides is common, i.e., the reaction of alcohols with the 
halides of nonmetallic elements such as SOCl2 or PBr3.  Primary and secondary alcohols 
are typically transformed using these reagents.  The mechanisms tend to follow second 
order kinetics to replace the alcohol.  These methods are useful for alcohols that are 
neither acid sensitive nor prone to rearrangement.8  Making primary, secondary, and 
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tertiary iodides is possible by using phosphoric acid-phosphorus pentoxide mixtures with 
potassium iodide.6 
Non-Phosphorus Activation of Alcohols 
While the hydrogen halide is commonly used as the reagent for this 
transformation, it is often generated in situ from the halide ion and an acid such as 
phosphoric or sulfuric acid.  For instance, in situ generation of hydrogen iodide from a 
methanesulphonic acid/sodium iodide mixture was found to be an efficient reagent 
system for the conversion of various alcohols to their corresponding alkyl iodides (see 
Figure 10).  The key in this conversion is the protonation of the alcohol by HI formed in 








Treatment of a range of primary and secondary alcohols with a thioiminium salt 
affords the corresponding iodides in excellent yields with straightforward purification. 
For example, primary and secondary alcohols can be converted to their iodides by 
treating them with the stable thioiminium salt N,N-dimethyl-N-(methylsulfanyl 
methylene)ammonium iodide as represented in Figure 11.  The alkyl iodide product is 
readily isolated from the byproducts.  The activation of the alcohols in this reaction 




Figure 11. Conversion of alcohols into iodides using thioiminium salt. 
 
In Figure 12, the nucleophilic attack of the alcohol (12) on the thioiminium salt 
results in the formation of the intermediate I (13), which led to the formation of the 




Figure 12.  Nucleophilic attack of the alcohol on the thioiminium salt. 
 
Some limitations of these methods reduce their ability to be scaled up for use in 
industrial scale production.  Those limitations include difficult product separation, high 
material cost, and large amounts of wastes for disposal.  In this context, development of a 
new procedure to accomplish the conversion of an alcohol to an alkyl halide is still 
desirable in industry as well as in academia.  
  The pivaloyl chloride\dimethylformamide complex is found to be an attractive 
reagent system for smooth conversion of primary, secondary, allylic, homoallylic, and 
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benzylic alcohols into chlorides.  It is a mild, relatively non-toxic, and inexpensive 
reagent system.  When alcohols are treated with a mixture of pivaloyl chloride/DMF in 
dichloromethane, alkyl chlorides are formed in moderate to good yields as depicted in 
Figure 13.   
 
 
Figure 13.  Pivaloyl chloride-mediated alcohol activation. 
 
The reactive intermediate in this reaction, a Vielsmeier-Haack-type complex, adds 
to the hydroxyl group of the alcohol, forming a cationic species. Nucleophilic attack of 
the chloride ion on the cationic species by SN2 kinetics produces the corresponding 
chloride compounds.  This mechanism is shown in Figure 14.39 
 
 
Figure 14.  Pivaloyl chloride-mediated alcohol activation mechanism. 
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Alkali metal iodides in conjunction with Lewis or Brønsted acids can function as 
efficient reagent systems for the conversion of alcohols to alkyl halides.  For example, 
halogenated aluminates, AlCl3, can be used as efficient reagents for the conversion.  
AlCl3 has advantages over other metal halides such as commercial availability and low 
cost. The reaction proceeds by activation of the hydroxyl group of the alcohol by the 
strong Lewis acid AlCl3.  Figure 15 describes a possible mechanism for this conversion.  
In this reaction, AlCl3 reacts with the OH bond of the alcohol and leads to the formation 
of an intermediate that decomposes either concertedly by an SN2-type mechanism or by 
forming a carbocation following SN1-type kinetics and forming the corresponding alkyl 
chloride.  The regenerated aluminum salt precipitates from the reaction and can be 
separated by simple filtration.  This feature is attractive because the amount of waste 
disposal typically produced by traditional chlorination reactions can be reduced.42 
 
 
Figure 15.  Chlorination of alcohols via the Lewis acid AlCl3. 
 
Tajbakhsh and coworkers in 2005 reported a simple and efficient procedure for 
the conversion of alcohols to alkyl halides. Treatment of alcohols with NaI supported on 
KSF clay under mild conditions can produce the corresponding iodides as shown in 




Figure 16.  Corresponding iodides produced by treatment of alcohols with NaI supported 
on KSF clay. 
 
Phosphorus Chemistry 
Reactions coupled with conversion of phosphorus(III) compounds to 
phosphorus(V) compounds have been widely applied in organic synthesis.  Quaternary 
phosphonium intermediates are believed to be involved in these types of reactions.4 
Because of the wide variety of reactions, phosphorus-containing compounds play a 
significant role in chemistry and biological sciences.  The high nucleophilicity of 
phosphine compounds and the ability to adopt different oxidation states are two important 
features of phosphorus-containing reagents.  The Mitsunobu reaction and Appel reaction 
are two representative examples employing this type of reagent.  van Kalkeren Leenders, 
Hommersom, Rutjes, and van Delft43 noted that phosphorus-mediated reactions are 
attractive owing to their broad substrate scope and mild reaction conditions.  
Mitsunobu Protocol   
 The intermolecular dehydration reaction occurring between alcohols and acidic 
components on treatment with diethylazodicarboxylate (DEAD) and triphenylphosphine 
was first described by Oyo Mitsunobu.44 The reaction takes place under mild conditions 
with complete inversion of the alcohol hydroxyl group configuration, indicating the 
overall mechanism follows SN2-type kinetics.  This reagent system is widely utilized in 
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the synthesis and transformation of various kinds of organic compounds.  The Mitsunobu 
reaction falls under the category of redox reactions in which the DEAD is reduced to 
hydrazinedicarboxylate while triphenylphosphine is oxidized to triphenylphosphine 
oxide. 
  In the Mitsunobu reaction, alcohols are activated by the formation of 
alkoxyphosphonium ions.  This reaction is carried out at room temperature or below; the 
solvent used is an anhydrous polar aprotic solvent such as tetrahydrofuran. 
The reaction is believed to proceed through a four step mechanism as shown in 
Figure 17.  The first step includes the addition of triphenylphosphine to diethyl 
azodicarboxylate, giving a quaternary phosphonium salt (15).  The second step is 
protonation of the produced phosphonium intermediate.  The third step forms an 
alkoxyphosphonium salt (16) through the addition of an alcohol substrate.  The final step 
is the nucleophilic substitution reaction of the resulting species, displacing the 
triphenylphosphine oxide leaving group.4 
 
 





The Mitsunobu reaction provides a useful synthetic method for many products, 
but the resulting reaction mixture containing the product and byproducts such as 
triphenylphosphine oxide and hydrazine dicarboxylate as well as unreacted starting 
materials complicates the use of this method.  Removal of these byproducts requires 
additional processing often including chromatography.  In addition to the high cost, the 
typically used starting material in the Misunobu reaction, DEAD, can be explosive and its 
hydrazine byproduct is toxic.  Thus the reaction requires care in reagent handling as well 
as disposal.  Moreover, the product purification is complicated because of the amount of 
waste typically produced by the Misunobu reaction.  For these reasons, commercial use 
of the Mitsunobu reaction has been limited.10 
Alternative reagent systems have been introduced to resolve the problem of 
separating products from the byproducts. Kiankarimi, Lowe, McCarthy, and Whitten45 
reported an improved procedure for the Mitsunobu protocol that uses diphenyl-2-
pyridylphosphine and di-tert-butylazodicarboxylate.  These reagents and their byproducts 
are either soluble during acidic workup or are converted to gaseous byproducts and water 
soluble materials on treatment with an acid.  For instance, treatment of the commercially 
available tert-butyl azodicarboxylate with mineral acids results in rapid decomposition to 
give carbon dioxide and nitrogen.  Thus, the problem of separating products from the 
byproducts is solved.  
Another method developed to facilitate easier purification is based on 
incorporating the starting material triphenylphosphine into a resin polymer.  The use of 
polystyrene-supported triphenylphosphine can enable the isolation of triphenylphosphine 
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oxide by simple filtration techniques.46  Reduction of the polymer supported 
triphenylphosphine oxide can regenerate the triphenylphosphine for future use. 
Another method that further developed the Mitsunobu reaction was introduced by 
Firouzabadi, Iranpoor, and Ebrahimzadh.47  Triphenylphosphine was combined with N-
halosaccharine.  It would be expected that the interaction of triphenylphosphine with N-
halosaccharine would generate the halophosphonium salt as the reactive phosphonium 
species in the same manner as in the Mitsunobu reaction.  This transformation is carried 
out at room temperature under mild conditions.  The reaction and its mechanism are 





Figure 18.  Developed Mitsunobu reaction. 
 
 







Appel Reaction   
 The Appel reaction is an organic reaction that converts alcohols to the 
corresponding stereochemically inverted halides with the involvement of 
halophosphonium salts.  Typically, the use of the triphenylphosphine/carbontetrahalide 
complex provides a facile means of purifying the desired alkyl halide from the phosphine 
oxide byproduct.  This reagent system has found a widespread application in 
halogenation reactions and has become a widely utilized method to achieve the alcohol to 
alkyl halide transformation.  The reaction is very convenient except that it is often carried 
out at reflux temperatures and is found to produce stoichiometric amounts of byproducts 
that need to be disposed of.46 
 
 





The Appel reaction involves formation of chlorophosphonium ions salts (the so-
called Appel salts) via the halogenation of triphenylphosphine by carbon tetrachloride.  
The hydroxyl group of the alcohol then attacks the chlorophosphonium ions, releasing the 
halide leaving group.  In an SN2 fashion, the halide subsequently attacks the carbon, 
displacing the triphenylphosphine oxide leaving group and resulting in the final alkyl 
halide product with inverted stereochemistry.  The mechanism of this reaction is outlined 
in Figure 20.4 
One of the drawbacks to the use of this reagent system is the co-production of 
stoichiometric amounts of the triphenylphosphine oxide byproduct, which makes it 
difficult to purify the desired halide product.  As mentioned above, one solution to this 
purification is the use of polymer-supported triphenylphosphine.  Another solution 
involves replacing the triphenylphosphine typically used in Mitsunobu and Appel 
reactions with an alternative phosphine source whose oxide byproduct can easily be 
separated from the halide product.  For example, 1,2-bis(diphenylphosphino) ethane, 
abbreviated as diphos, in methylene chloride as a solvent can be used as an alternative 
phosphine source.  The resulting phosphine oxide precipitates from the reaction and can 
be readily removed by filtration.48 
 The problem that triphenylphosphine oxide possesses a polarity that is very 
similar to the alkyl halide product of the reaction has been addressed.  In fact, many 
strategies have been developed to remove the phosphine oxides from the reaction mixture 
and thereby eliminate any purification issues.  Toto and Doi46  investigated the use of 
bifunctional tertiary phosphines to halogenate primary and secondary alcohols using 
carbon tetrachloride and the solid bifunctional alkyldiphenylphosphine;1,3-
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bis(diphenylphosphino)propane (2-PEDP).  Using the 2-PEDP reagent allows the 
removal of all phosphorus-containing products; excellent yields of the product alkyl 
halide were obtained with only minor purification.  Therefore, using this reagent system 
enabled the ease of product isolation, leading to an efficient procedure for halogenation 
reactions of alcohols. 
 Improvements in both reaction times and product isolation methods have been 
reported.  For example, triphenylphosphine oxide is often regarded as an unreactive 
molecule.  However, in situ generation of chlorophosphonium ions from 
triphenylphosphine oxide is possible despite the strength of the phosphorus-oxygen 
double bond.  Denton et al.49 developed a procedure that made the active intermediate in 
the Appel reaction catalytically accessible from the byproduct triphenylphosphine oxide 











This occurs by the activation of the triphenylphosphine oxide by using oxalyl 
chloride, giving an acylphosphonium intermediate that can be converted to the 
chlorophosphonium salt by the loss of carbon monoxide and carbon dioxide.  This 
procedure applies oxalyl-mediated chlorophosphonium regeneration from the byproduct 
triphenylphosphine oxide. Oxalyl chloride (COCl)2 is used as the consumable 
stoichiometric reagent for the Appel halogenation reaction. The cleavage of the 
phosphorus-oxygen double bond forms two carbonyl groups, which will be converted to 
carbon monoxide and carbon dioxide.  This conversion was confirmed to be effective by 




Figure 22.   Chlorination of decanol. 
 
 
Cyclophosphazenes have not only been in use as precursors for many inorganic 
polymers but also for the formation of unique heterocyclic frameworks that are useful for 
several applications.  For example, reactions of carbaphosphazene with 
dimethylformamide as shown in Figure 23 afford an efficient conversion of alcohols to 
their corresponding chlorides at room temperature.  The reaction proceeds through the 
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 Hamid, Slatford, and Williams51 provided an alternative method for activation of 
alcohols by converting them to other functionality.  This alternative pathway involved the 
temporary oxidation of the alcohols to their aldehydes or ketones since carbonyl 
compounds have a much wider range of reactivity than alcohols.  The additional 
reactivity of carbonyl compounds over alcohols was exploited by different ways, include 
imine formation and then reduction to an amine, alkene formation and reduction to 










Silicaphosphine (silphos), [P(Cl)3-n(SiO2)n], is a heterogeneous reagent capable of 
converting alcohols to their halides in high yields.  This reagent in the presence of liquid 
bromine or solid iodine can convert alcohols and thiols to their corresponding bromides 
or iodides in refluxing acetonitrile (CH3CN) as shown in Figure 25.  The big advantage of 
















A chlorinating reagent, 9,9-dichloroxanthene, was prepared by a reaction of 
xanthone with thionyl chloride as depicted in Figure 26.  The product, isolated by simple 
evaporation of the excess thionyl chloride, was used without further purification.  This  
 
 
Figure 26.  Preparation of the chlorinating reagent 9,9-dichloroxanthene. 
 
reaction can be applied to xanthones that are part of larger macromolecules.  For 
example, the starting material, xanthone, could be part of a resin polymer.  Then, 
halogenation with thionyl chloride would provide a polymer-supported chlorinating 
agent.  The first step would be to bind a peptide resin polymer to xanthone using, for 
example, aluminum trichloride via an intermolecular Freidel-Crafts alkylation. The 
polymer-bound xanthone could be treated with thionyl chloride (SOCl2) to make 
polymer-bound 9,9-dichloroxanthene.  Addition of an alcohol to this activated resin 




Figure 27. A halogenation reaction for a polymer-bound xanthone. 
 
In the project reported here, 9,9-dichloroxanthene was not converted to a 
polymer-supported agent.  It was instead diluted with toluene to the appropriate 
concentrations for evaluation.  A stock solution was refrigerated to be used as needed for 
the dilutions.  The stock solution and all dilutions were destroyed and re-made every two 
weeks.  This was done to ensure the dichloroxanthene had not decomposed before 
studying its reaction with other compounds.  Alcohols, as dilute solutions in toluene, 
were then mixed with the diluted solutions of chlorinating reagent; 9,9-dichloroxanthene.  
A reaction between the dichloroxanthene and the alcohol proceeded by 
conversion of the alcohols into xanthene ethers making them highly activated toward 
nucleophilic displacement by liberated chloride ion.  The kinetics of the halogenation 
reaction were explored by using Infrared and UV-vis spectroscopy. 
The halogenation reaction of an alcohol can be monitored by observing a change 
in the intensity of the IR absorbance of the alcohol in this region.  As the reaction 
proceeds, this signal disappears, indicating the alcohol has reacted and is no longer 
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present in the reaction mixture.  When the alkyl halide is formed, the OH peak will 
disappear, indicating that the alcohol has converted into an alkyl halide.  Therefore, the 
conversion of the alcohols to the corresponding alkyl halides can be confirmed by using 
FT-IR.  In the present study, a dilute solution of the alcohol was injected into an IR cell 
and the appropriate amount of diluted chlorinating reagent was then added to give a 
molar ratio of 1:1.  By comparing the absorbance at 3300 cm-1 of the alcohol before and 
after the mixing, it was obvious that the chlorination reagent was effective.  
Primary, secondary, and tertiary alcohols were investigated by this method.  The 
primary alcohol chosen for analysis was 1-butanol, the secondary alcohol was 2-butanol, 
and the tertiary alcohol was 2-methyl-2-butanol.  These alcohols were chosen because 
they are soluble in toluene at the concentrations used in the study.  In addition, these 
alcohols were chosen because they do not possess spectroscopic signals that overlap the 
region of data analysis.  The ready availability and inexpensive cost of the alcohols made 
them ideal choices for the study of this reaction.  
The reaction, unfortunately, was too fast to be evaluated by FT-IR.  This was due 
to either problems of diffusion of the dichloroxanthene through the alcohol solution in the 
solution cell and/or to the rapid kinetics of the reaction.  Attempts were made to dilute the 
alcohol and dichloroxanthene in an effort to observe the reaction in the absence of the 
diffusion, but this did not result in any useful information.  As the dilution of the solution 
progressed, the absorbance intensity decreased.  Eventually, the OH absorption was too 
small to be observed, yet the reaction still appeared to be as fast as the diffusion process. 
In the present research, UV-Vis spectroscopy was used to monitor the 
halogenation reaction. Because 9,9-dichloroxanthene is a colored solution (green-
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brownish), it was a good UV-vis reagent.  Toluene solutions of xanthone do not possess 
the same color.  Several concentrations of primary, secondary, and tertiary alcohols were 
prepared and mixed with dichloroxanthene.  A 0.00021 M toluene solution of 9,9-
dichloroxanthene was first injected in a quartz cuvette, the absorbance at 412 nm 
measured, and then the appropriate amounts of the diluted toluene solutions of the 
alcohols were added.  The reaction was repeatedly done with different xanthene: alcohol 
ratios.  UV-vis allowed using lower concentrations than IR because the absorbance of 
UV-vis light at this wavelength had a greater molar absorptivity than the OH absorbance 
in the IR spectrum.  Therefore, the concentration problem was solved by using UV-vis 
spectroscopy. 
As noted before, the dichloroxanthene possesses an absorption in the UV-vis 
spectrum at 412 nm.  This signal was present in the dichloroxanthene but absent in the 
xanthone product.  Therefore, the reaction was monitored by observing a change in the 
absorbance at this wavelength.  In addition to the high concentrations conflict in IR, 
mixing of the two samples was incomplete in the thin IR cell.  That diffusion of the two 
reagents in the UV-vis still existed, though it was hypothesized that the solutions could 
be diluted enough to slow the reaction but still present an observable signal.  In the 
future, to completely avoid the problems associated with mixing, it should be possible to 
run the reaction using stop-flow techniques. 
Beer’s Law 
 The fundamental relationship between an absorbance and concentration is 
described by the Beer-Lambert Law (Beer’s Law).  Beer’s Law defines the relationship 
between absorbance (A) and concentration (c).  It states that the absorbance of a 
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substance in a solution is directly proportional to the concentration of that solution as 
seen in Equation 2.53 
     A= ε b c                            (2) 
where ε is molar absorptivity (dm3 mol-1 cm-1), 
c is molar concentration (mol dm-3), and 
b is path length (cm). 
Beer’s Law is valid for only relatively low concentrations when all of the 
absorbing species in the sample act independently of each other.28 By plotting the 
absorbance against concentration, a linear plot is obtained.53 In the research conducted 
here, different concentrations of the dichloroxanthene were prepared, the UV-vis 
absorbance at 412 nm was measured, and then was plotted.  A linear relationship was 
observed when small concentrations were used (see Figure. 28). 
 
 
Figure 28.  Beer-Lambert curve. 
y = 605.63x + 0.04 















Measurements of the absorption or emission spectra as a function of time can give 
quantitative analysis for several compounds that are participating in the reaction.30  
Knowing how fast reactions are is a topic of central importance in industrial chemistry as 
well as in biological research.54 The rate of a chemical reaction is expressed as a change 
in concentration of some species with time. Therefore, the dimensions of the rate must be 
those of concentration divided by time such as moles/L. s.  The rate can be expressed in 
terms of the disappearance of A or the appearance of B for the given reaction 3.17 
    A B                          (3) 
Kinetics also shed light on the reaction mechanism.  Chemical kinetics studies can 
be used to support either SN1 or SN2 reaction mechanisms.  Kinetic studies involve 
investigation of the factors that influence the reaction rates. To use kinetic evidence, first 
the rate determining step for a particular reaction should be examined.  The rate 
determining step for the SN1 reaction is the formation of carbocation from the substrate. 
In the SN1 mechanism, the rate of reaction should be proportional only to the 
concentration of substrate (Equation 4).  In this case, the reaction is first order for the 
substrate and zero order for the nucleophile, which means that the reaction rate is only 
dependent on the concentration of the substrate but not the nucleophile.  On the other 
hand, the rate determining step for the SN2 involves the attack by the nucleophile on the 
substrate.  Therefore, the reaction rate is proportional to the concentration of the substrate 
and the nucleophile. The reaction is second order overall, yet still first order in the 
substrate.14 
   Rate of reaction= -d[A]/ dt = k [R-L]                  (4) 
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   Rate of reaction= -d[A]/ dt = k [R-L][Nu]           (5) 
 where [R-L] is the concentration of the alkyl group bearing the leaving group. 
Smith and March15 wrote that there is kinetic evidence wherein the SN2 reaction 
should be second order overall and satisfy the rate equation (see Equation 5).  Another 
piece of evidence that the SN2 mechanism has is the inversion of configuration when 
substitution occurs at a chiral carbon atom.15 
First-Order Reactions 
 The rate of a first-order reaction is directly proportional to the logarithm of the 
concentration of one species and not dependent on the concentration of any other species 
present in the reaction vessel (see Figure 29).17 
 
 
Figure 29.  First-order reaction.  
 
Second-Order Reactions 
Second-order reactions are of two types: those that are second order in a single 
reactant and those that are first order in each of two reactants.  The reaction studied in 
this work should behave as if it were first order in each of the two reactants and second-
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order reaction overall.  A plot of the reciprocal of the concentration versus time gives a 
straight line with slope of k for second-order reaction in a single reactant (see Figure 30). 
 
 
Figure 30.  A plot of reciprocal of concentration versus time (second-order plot). 
 
Zero-Order Reaction 
A zero-order reaction is a reaction in which the rate is independent of the 
concentration of reacting substances.55 For a zero-order reaction, a plot of concentration 
versus time gives a straight line with slope of –k.  This plot is expressed in Figure 31. 
 
 




Using the UV-vis spectrometer, the absorbance of dichloroxanthene at 412 nm 
was measured, and then toluene was added instead of the alcohol solution to examine the 
effect of dilution on the halogenation reaction using the same volumes.  The relative 
percent drop in the absorbance as a function of time was then subtracted from each of the 
kinetic runs for the reaction of dichloroxanthene and alcohol.  The resulting kinetic data 
would then show the appropriate values of the reaction as they occurred without dilution. 
Those data were analyzed for this study.   
The different absorbance values of dichloroxanthene were converted to 
concentration values using Beer’s law.  Three graphs of [dichloroxanthene], 
1/[dichloroxanthene], and ln [dichloroxanthene] versus time were plotted.  Each 
concentration of dichloroxanthene and alcohol was repeated multiple times in an effort to 
ensure reproducibility of the data. 
Data Analysis 
 Each kinetic run, after subtraction of the dilution effects and conversion to a plot 
of time versus concentration, was analyzed by creating the plots of concentration versus 
time(zero order plot), 1/concentration versus time (second-order plot) and 
ln(concentration) versus time (first-order plot).  Each plot was then analyzed for linearity 
and the plot that provided the straightest line was chosen as the indicator of the kinetics 
of that run.  Each run was treated separately, the analysis was conducted separately, and 
then the results compared to provide the answer of reaction order.  
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 Finally, the rate constant for each trial was calculated based on the consensus of 
the reaction order for all multiples of that trial.  The rate constants were then averaged 









RESULTS AND DISCUSSION 
 
 
Reaction of 9,9-Dichloroxanthene and Alcohols 
 
9,9-Dichloroxanthene was prepared in the laboratory as needed.  All other 
materials, including those used to make the dichloroxanthene, were obtained from 
Aldrich Chemical Company and used without purification.   
Preparation of 9,9-Dichloroxanthene 
A roundbottom flask fitted with a water cooled condenser was charged with 2.452 
grams of xanthone and 6.00 mL thionyl chloride.  A stir bar was added to let the reactants 
mix for an hour. The mixture was then heated and refluxed for an hour.  Then the mixture 
was fitted with a simple distillation apparatus and distilled to remove the majority of the 
excess thionyl chloride.  At the end of an hour, the reaction mixture was placed on a 
rotary evaporator and the liquids, including excess thionyl chloride, and any other 
byproduct of the reaction, were removed under vacuum. The remaining residue, solid 9,9-
dichloroxanthene, was then transferred to a brown bottle and diluted to 50 mL volumetric 
flask with toluene to make a solution that was 0.21 M 9,9-dichloroxanthene in toluene. 
This final product was sensitive to the air and it will convert back to xanthone if it is 
exposed to moisture. This stock solution was stored in the refrigerator for up to 2 weeks.  
Aliquots were removed and diluted to the appropriate volume to make the solutions used 
in this study. 
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Preparation of Alcohol Solutions 
A known volume of each of the pure three alcohols, 1-butanol, 2-butanol, and 2-
methyl-2-propanol, was diluted with toluene to prepare a stock solution with a 
concentration of 0.00100 M.  This stock solution was further diluted with toluene to give 
the solutions used in the study. 
Solutions Used for Study 
A dilute toluene solution of the 9,9-dichloroxanthene was mixed thoroughly with 
a dilute toluene solution of an alcohol at the appropriate concentrations and was prepared 
and studied by IR Spectroscopy and UV-visible spectroscopy.  A set of dilutions of each 
reactant was prepared in attempts to reduce the reaction rate to a point that it could be 
measured by these spectroscopic techniques.   
Infrared Spectra 
IR spectroscopy of the product mixture, prepared by combining dilute toluene 
solutions of the 9,9-dichloroxanthene and alcohols, showed no peaks in the alcohol 
region (3600-3200 cm-1) for a series of primary, secondary, and tertiary alcohols, which 
confirmed that all alcohol functional groups were converted into alkyl halides.  The 
reaction appeared to be quantitative by analysis of the IR spectrum as well.  Since the 
conversion of tertiary alcohols to alkyl halides followed the SN1 reaction mechanism 
when using strong hydrohalic acids, the same type of mechanism in the dichloroxanthene 
case was envisioned.  Although the secondary alcohols typically undergo both SN1 and 
SN2 mechanisms, there was some evidence that the replacement of leaving groups by the 
SN2 mechanism occurred in this system. In addition, the primary alcohols proceeded by 
the SN2 mechanism in the case of the conversion using hydrohalic acids. 
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Figure 32 shows the IR spectrum of the secondary alcohol, 2-butanol.  This 
alcohol was used as the test case for the use of IR spectroscopy as a tool to measure the 
rate of the dichloroxanthene reaction.  As shown later in this discussion, IR spectroscopy 
failed to be the suitable technique for determining the rate of reaction.  Therefore, the 
primary and tertiary alcohols were not examined using IR spectroscopy. 
An IR cell, with 0.1mm pathlength, was filled with the appropriate dilute solution 
of 2-butanol in toluene.  Then, an appropriate dilute solution of the 9,9-dichloroxanthene 
was injected into the cell while the IR spectrometer recorded spectra.  Figures 32, 33 and 
34 show the IR spectra of the secondary alcohol, 2-butanol, during and after the addition, 
respectively.  By comparing the IR spectrum of 2-butanol with its spectrum after the 
addition of the chlorinating reagent, 9,9-dichloroxanthene, it was obvious that the 
halogenation reagent was efficient.  The 2-butanol was converted completely to 2-
chlorobutane as confirmed by the disappearance of the signal in the alcohol region.  
Changes in the IR absorbance between the two spectra confirmed a structural change in 
the molecule.  The alcohol functional group was no longer present in the reaction vessel 
and was converted to other functionality.  The reaction was repeated multiple times at 
varying dilutions; but in each case, the reproducibility of the reaction was unable to be 
verified.  Again, because the IR data were not reproducible, they were excluded from 
evaluation of the reaction mechanism and kinetics. 
It appeared that the reaction was too fast to be measured by IR, i.e., the time lapse 
between the start of the reaction and the completion of the reaction was shorter than the 
IR data could measure.  This was due to either problems of diffusion of dichloroxanthene 
through the alcohol solution in the solution cell (incomplete mixing) or the rapid kinetics 
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of the reaction with the relatively high concentrations used in the IR.  Attempts were 
made to dilute the alcohol and dichloroxanthene in an effort to observe the reaction in the 
absence of diffusion but this did not result in any useful information.  Therefore, the only 
utility of the IR analysis was to verify that the reaction had occurred and that the product, 




























An alternative choice to using IR spectroscopy for the analysis of the reaction was 
using UV-vis spectroscopy to monitor the halogenation reaction.  UV-vis spectroscopy 
allowed using lower concentrations than IR because the molar absorptivity of the aryl 
ring system was greater in the UV-vis spectrum than OH in the IR spectrum.  
A dilute solution of xanthone in toluene was made and the UV-vis absorbance of 
this solution was measured.  The xanthone, the end-product of the 9,9-dichloroxanthene 
in the reaction, was chosen to compare the UV-vis spectrum with the starting 9,9-
dichloroxanthene.  By knowing the UV-vis spectra of the xanthone product, the reaction 
was monitored using UV-vis spectroscopy.   
 
 
Figure 35.  Xanthone ultraviolet visual spectra. 
 
To perform the reaction, 2mL of the appropriate concentration of 9,9-dichloroxanthene in 
toluene was placed in a quartz cuvette and the spectrum obtained.  Then, 1mL of the 
appropriate concentration of the alcohol was added to the cuvette while the spectrometer 
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recorded the absorbance at 412nm (see Figure 35).  When alcohols were mixed with 
dichloroxanthene, disappearance of the absorbance at 412nm (due to the presences of 
dichloroxanthene) occurred, indicating that the dichloroxanthene had been converted to 
xanthone and alcohols were converted into chlorides.  The signal at 412 nm never 
reached zero in any of the analyses but a significant, rapid decrease was always a feature 
for the reaction (see Figure 36). 
 
 




Determining Dilution Effects 
After mixing the reactants, not all changes in the absorbance values were due to 
the reaction between the alcohols and the dichloroxanthene.  A portion of this change was 
due to the dilution of the original dichloroxanthene with a toluene solution of the alcohol. 
To evaluate the rate of the reaction, the effect of the dilution of the sample and the 
concomitant reduction in the absorbance of the solution must be removed from the data 
obtained.  The dilution of the sample was evaluated multiple times.  Table 1 and the 
graph in Figure 37 show the trial selected to eliminate the dilution effect. 
Table 1:  Dilution Effects 
 

























Verification of the Beer-Lambert Law 
 A series of 9,9-dichloroxanthene solutions was prepared in toluene and the 
absorbance of each solution was measured using UV-vis spectroscopy.  Figure 28 in 
Chapter III shows the plot of the absorbance at 412 nm of those solutions versus the 
concentration of dichloroxanthene.  The relationship of the data over the concentration 
range was found to be linear.  
Determining Reaction Order for a  
Primary Alcohol, 1-Butanol 
Primary alcohols were expected to follow SN2 reaction mechanisms in this 
substitution reaction.  Thus, the individual orders of reactants in the reaction, based on 
the standard SN2 kinetics, should be first-order in each component.  The order of the 
reaction with respect to the alcohol using that technique was prevented due to the 
inability to observe a change in alcohol concentration as a function of time by IR 
spectroscopy. 
If the concentration of the dichloroxanthene was kept large compared to the 
alcohol, the reaction kinetics would be reduced to a pseudo-first order reaction.  To 
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determine if this was the kinetics observed in the dichloroxanthene reaction, UV-vis 
spectroscopy was employed.  Using UV-vis spectroscopy, the order of the reaction with 
respect to the dichloroxanthene was determined.  This reaction was monitored by 
observing a change in absorbance of the reaction mixture with time. 
Graphical analysis of the reaction was made to determine the reaction rates.  In 
the reaction of dichloroxanthene with 1-butanol, the plot of ln[dichloroxanthene] versus 
time was a straight line. Therefore, the reaction was a first-order reaction with respect to 
the dichloroxanthene.  The slope of this plot is equal to -k (the rate constant). Figure 38 is 
a set of figures representing the reaction of dichloroxanthene with 1-butanol 














Figure 38.  Primary alcohol (1.00x10-6 M). 
 
 The first column in Table 2 is the time the data were collected in seconds.  The 
second column in the table is the absorbance of the original solution.  The absorbance at 
time = 0 seconds is equal to the start of the reaction, where the alcohol has been 
completely added to the reaction mixture.  The third column represents the absorbance of 
y = -6E-05x + 0.0002 
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the dichloroxanthene that was subtracted from the lowest absorbance value, 0.67, in order 
to let the reaction end at zero absorbance for more accurate data.  Column 4 represents 
the absorbance of the dichloroxanthene when diluted in toluene.  Column 5 represents the 
absorbance values from column 4 but subtracted from the constant absorbance to make it 
end with zero absorbance values.  Column 6 is the absorbance of the reaction after 
elimination the dilution effects.  Then, these absorbance values were converted into 
concentrations in column 7 using Beer's Law. Columns 8 and 9 were calculated based on 
the concentrations from column 7. 
 


















0 0.0834 0.0184 0.851 0.244 0.017 0.00021 4761.49 -8.47 
0.5 0.0756 0.011 0.762 0.155 0.010 0.00012 8194.32 -9.01 
1 0.0706 0.006 0.703 0.096 0.005 6.58E-05 15204.12 -9.63 
1.5 0.0688 0.0042 0.677 0.07 0.004 4.58E-05 21812.04 -9.99 
2 0.0684 0.0038 0.648 0.041 0.004 4.30E-05 23241.43 -10.05 
2.5 0.0668 0.0022 0.628 0.021 0.002 2.50E-05 39841.15 -10.59 




Determining Reaction Order for a 
Secondary Alcohol, 2-Butanol 
 
Secondary alcohols also were also expected to follow SN2 reaction mechanisms 
with substitution reactions.  As in the reaction with primary alcohols, the order of the 
reaction should be first in each component in the secondary alcohol conversion.  By 
keeping the concentration of 2-butanol small with respect to the dichloroxanthene, the 
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order of the reaction with respect to the dichloroxanthene could be determined using UV-
vis spectroscopy.  Graphical and tabular (see Table 3) analysis was made to determine 
reaction rates (see Figure 39).  For the secondary alcohol, 2-butanol, a linear plot of 





Figure 39.  Secondary alcohol (4.00x10-6 M). 
y = -6E-05x + 0.0002 
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dichloroxanthene.  The slope of this plot was equal to -k (the rate constant).  Therefore, k 
values were determined for 2-butanol. 
 The first column in Table 3 is the time the data were collected in seconds.  The 
second column in the table is the absorbance of the original solution.  The absorbance at 
time = 0 seconds is equal to the start of the reaction, where the alcohol has been 
completely added to the reaction.  The third column represents the absorbance of the 
dichloroxanthene that was subtracted from the lowest absorbance value, 0.67, in order to 
let the reaction end at zero absorbance for more accurate data.  Column 4 represents the 
absorbance of the dichloroxanthene when diluted in toluene.  Column 5 represents the 
absorbance values from column 4 but subtracted from the constant absorbance to make it 
end with zero absorbance values.  Column 6 is the absorbance of the reaction after 
subtracting the dilution effects.  Then, these absorbance values were converted into 
concentrations in column 7 by Beer's Law. Columns 8 and 9 were calculated based on the 
concentrations from column 7. 
 





0.607 Abs Dil Conc 1/Conc Ln Conc 
0 0.1376 0.0314 0.851 0.244 0.028 0.00021 4761.84 -8.47 
0.5 0.1261 0.0199 0.762 0.155 0.018 0.00013 7515.59 -8.92 
1 0.1255 0.0193 0.703 0.096 0.018 0.00013 7453.41 -8.92 
1.5 0.1177 0.0115 0.677 0.07 0.011 7.87E-05 12700.44 -9.45 
2 0.1166 0.0104 0.648 0.041 0.009 7.33E-05 13640.92 -9.52 
2.5 0.1118 0.0056 0.628 0.021 0.005 3.95E-05 25268.15 -10.14 
3 0.1093 0.0031 0.608 0.001 0.003 2.29E-05 43649.86 -10.68 
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Determining Reaction Order for a Tertiary  
Alcohol, 2-methylpropan-2-ol 
 
Tertiary alcohols were expected to follow SN1 reaction mechanisms in 
substitution reactions; the order of the reaction should be zero-order in the halogenating 
reagent and first-order with respect to the alcohol.  The reaction of 9,9-dichloroxanthene 
with 2-methylpropan-2-ol was examined by UV-vis spectroscopy and the data analyzed  
 
 
Figure 40.  Tertiary alcohol (1.00x10-6 M). 
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to determine the order of the reaction (see Table 4).  By examining the graphs in Figure 
40, the order of the reaction with respect to the dichloroxanthene was determined. For the 
tertiary alcohol, 2-methylpropan-2-ol, a linear plot of dichloroxanthene concentration 
[dichloroxanthene] versus time indicated a zero order reaction with respect to the 
dichloroxanthene. The slope of this plot was equal to the negative value of k.  Therefore, 
the rate constant of the reaction of dichloroxanthene and a tertiary alcohol was 
determined. 
 The first column in Table 4 is the time the data were collected in seconds.  The 
second column in the table is the absorbance of the original solution.  The absorbance at 
time = 0 seconds is equal to the start of the reaction, where the alcohol has been 
completely added to the reaction.  The third column represents the absorbance of the 
dichloroxanthene that was subtracted from the lowest absorbance value, 0.67, in order to 
let the reaction end at zero absorbance for more accurate data.  Column 4 represents the  
 





0.607 Abs Dil Conc 1/Conc Ln Conc 
0 0.0804 0.0235 0.851 0.244 0.023 0.00021 4761.74 -8.47 
0.5 0.0782 0.0213 0.762 0.155 0.021 0.00019 5219.62 -8.56 
1 0.073 0.0161 0.703 0.096 0.016 0.00015 6886.63 -8.84 
1.5 0.0698 0.0129 0.677 0.070 0.013 0.00012 8585.39 -9.06 
2 0.0617 0.0048 0.648 0.041 0.005 4.30E-05 23223.15 -10.05 





absorbance of the dichloroxanthene when diluted in toluene.  Column 5 represents the 
absorbance values from column 4 but subtracted from the constant absorbance to make it 
end with zero absorbance values.  Column 6 is the absorbance of the reaction after 
subtracting the dilution effects.  Then, these absorbance values were converted into 
concentrations in column 7 by Beer's Law. Columns 8 and 9 were calculated based on the 
concentrations from column 7. 
Repetition of the Reaction 
 Each reaction was performed multiple times to ensure the reproducibility.  Many 
concentrations of both the dichloroxanthene and the alcohols were prepared.  Based on 
the Beer’s Law plot, 0.00021 M of the dichloroxanthene was used.  Concentrations 
higher than the chosen one would not obey Beer’s Law.  Alcohol concentrations were 
chosen to be appropriate for reactions with the dichloroxanthene.  For example, alcohols 
were diluted to react with the dichloroxanthene at moderate rates in order for the reaction 
to be evaluated.  The lowest possible concentrations were used to control the reaction 
rate.    
Calculating k Values 
For primary and secondary alcohols, k values were calculated from the slope of 








Table 5:  Rate Constants for the Primary Alcohol 
Primary Alcohol Concentration (M) Rate Constant (M-1 s-1)      Average 
                   1.0×10-6    0.89, 0.79, 0.80                     0.82 
                   1.0×10-5    0.65, 0.67, 0.62                     0.65 
                   1.0×10-4     0.73, 0.76, 0.77                     0.75 
Average=0.74,  
 Standard Deviation= 0.085  
 
 
Table 6:  Rate Constants for the Secondary Alcohol  
Secondary Alcohol Concentration (M) Rate Constant (M-1 s-1)          Average 
                   4.00×10-7   1.57, 1.35, 1.62                          1.51 
                   4.0×10-6   0.69, 0.66, 0.69                          0.68 
                   4.00×10-5   1.01, 1.19, 1.00                          1.06 
                                                                                                         Average=1.08, 
                   Standard Deviation= 0.415 
 
 
 The tertiary alcohol, however, was found to have zero-order kinetics with respect 
to dichloroxanthene.  Therefore, the slope of [dichloroxanthene] versus time represented 
the rate constant.  The values of the rate constant (k) are reported in Table 7. Applying 
the Q-test allowed the elimination of the outlier in Table 7 (when 0.0000100 M tertiary 





Table 7:  Rate Constants for the Tertiary Alcohol 
Tertiary Alcohol Concentration (M) Rate Constant (s-1)                     Average 
                   1.0×10-6    9.0×10-5, 8.0 ×10-5, 8.0×10-5           8.3×10-5 
                   1.0×10-5    1.0×10-3, 2.0×10-3, 1.0 ×10-3           0.00043 
                   1.0×10-4    8.0 ×10-5, 6.0 ×10-5, 9. 0×10-5        7.7×10-5 
                                                                                                                                  Average=8.0 ×10-5 
 
The average rate constants for the conversion of alcohols to alkyl halides using 
9,9-dichloroxanthene in toluene are shown in Table 8.  Due to the fact that the Q-test 
eliminated the runs for the determination of the rate constant for one of the tertiary 
alcohol experiments, the standard deviation was not determined for the tertiary alcohols.   
 
Table 8:  Rate Constants for the Butanols 
Alcohol Rate Constants  
1-butanol           0.74 ± 0.17  M-1 s-1 
2-butanol           1.08 ± 0.83  M-1 s-1 





Primary and Secondary Alcohols  
Based on the graphical analysis, the dichloroxanthene in the primary alcohol case 
showed first-order kinetics with respect to the dichloroxanthene.  Because the plot of 
ln[dichloroxanthene] versus time had the most linear relationship among the possible 
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kinetics graphs, the reaction could be assumed to be first-order with respect to the 
dichloroxanthene.  This study depended on only observing the dichloroxanthene 
absorbance change.  However, the order of the reaction with respect to the alcohols could 
be predicted.  Knowing that primary alcohols typically undergo the SN2 mechanisms, the 
order of the overall reaction could be extrapolated.  Since the reaction was first-order 
with respect to the dichloroxanthene, it should be first-order also with respect to the 
alcohol.  Therefore, the overall reaction order was suspected to be second order.  It could 
never be zero-order overall since it was at least first order in dichloroxanthene. 
Graphical analysis of the dichloroxanthene when it reacted with the secondary 
alcohol, 2-butanol, showed first-order kinetics with respect to the dichloroxanthene. 
Since secondary substrates tend to follow the SN2 pathway, the reaction was predicted to 
be second-order overall.  In the same manner, because the reaction already depended 
upon the dichloroxanthene concentration, the reaction could not be zero-order.  In some 
cases, secondary substrates can also undergo SN1.  Knowing the order of the reaction 
with respect to the nucleophile, dichloroxanthene, allows one to exclude that the reaction 
underwent the SN1 pathway.  By definition, SN1 mechanisms could never be proportional 
to nor depend upon the nucleophile concentration.  Therefore, since the reactions of the 
dichloroxanthene with primary and secondary alcohols depended on the dichloroxanthene 
concentration, it was believed to undergo the SN2 mechanism.  According to the data 





 Reactions of the tertiary alcohol with the dichloroxanthene showed a zero-order 
rate with respect to the dichloroxanthene.  Substitution reactions are expected to undergo 
either second-order or first-order kinetics overall.  Usually, tertiary substrates undergo 
first-order kinetics due to the stability of the carbocation formed as the intermediate of 
the reaction.  This was one reason the zero-order reaction could be excluded.  Since the 
dichloroxanthene when it reacted with the tertiary alcohol showed zero-order kinetics, the 
overall reaction could never be second-order.  Therefore, the reaction with the tertiary 
alcohol was first-order overall and it could never undergo the SN2 mechanism according 













Generally, alcohols have a limited range of reactivity toward substitution 
reactions without some type of activation.  This activation can be as simple as adding an 
acid, forming alkoxides, or alternatively oxidizing the alcohols temporarily to carbonyl 
compounds.  Aromatic cationic activation of alcohols, such as the reaction studied in this 
work, provides an efficient way to activate alcohols by converting them to highly 
activated aromatic intermediates.  
A new chlorinating agent, 9,9-dichloroxanthene, for alcohols was prepared based 
on the in situ generation of aromatic cationic species.  This chlorinating procedure was 
explored with primary, secondary, and tertiary alcohols.  No acids, heating, or special 
conditions were involved in the transformation.  Thus, the conditions of this reaction 
were considered relatively benign.  IR and UV-vis spectroscopy were used to confirm the 
alcohols were converted to the alkyl halides. 
IR spectroscopy was used to monitor the kinetics of the halogenation reaction.  
The reaction was performed and data were collected.   However, the lack of 
reproducibility meant that none of the data collected with the IR were able to be used in 
the kinetic study.  The lack of reproducibility might be due to the incomplete mixing of 
the diluted alcohol solutions in the narrow IR cell.  Another factor that might have 
67 
 
contributed to the irreproducibility was the rapid kinetics of the reaction at the large 
concentrations needed to observe the appropriate IR absorbances. As a consequence, IR 
data in this research were used only to confirm the chlorination reaction of the alcohols 
and not the reaction kinetics. 
For the alcohol/dichloroxanthene reaction, both of the reactants were studied to 
determine the overall kinetics.  The reaction was studied by UV-vis spectroscopy but 
only by using large concentrations of dichloroxanthene with small concentrations of the 
alcohol.  Thus, the order of the reaction with respect to dichloroxanthene was not 
determined.  Instead, the order of the reaction with respect to the alcohol was determined 
using UV-vis spectroscopy. 
Using UV-vis spectroscopy, the reaction was monitored by observing a change in 
the dichloroxanthene absorbance with time. Since the absorbance of xanthone, the 
product of the reaction, did not overlap with the dichloroxanthene absorbance at 412 nm, 
this compound could be monitored as an indicator of the progress of the reaction. The 
reduction of the absorbance was due to structural changes in the dichloroxanthene, 
indicating its conversion to xanthone.  As a result, the alcohol was also converted to its 
chloride. 
Using Beer’s Law mentioned previously, all the absorbance values were 
converted to concentration values.  To study the kinetics of the reaction, graphs of 
[dichloroxanthene] versus time, 1/[dichloroxanthene] versus time, and 
ln[dichloroxanthene] versus time were plotted.  A linear relationship between the 
[dichloroxanthene] and time indicated a zero-order reaction while a linear plot of 
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ln[dichloroxanthene] versus time indicated a first-order reaction. Second-order kinetics, 
however, were determined from the linear plot of 1/[dichloroxanthene]. 
Based on the graphical analysis discussed above, the order of the reaction with 
respect to the dichloroxanthene was determined for primary, secondary, and tertiary 
butanols.  Moreover, the rate constant, k, for the reaction was calculated based on the 
data.  As mentioned previously, the main pathway to convert alcohols to their 
corresponding alkyl chlorides was via either the SN1 or the SN2 mechanisms.  Zero-order 
kinetics probability was neither considered nor investigated.  As expected, the primary 
and the secondary butanols underwent SN2 mechanisms while the tertiary butanol 
underwent the SN1 mechanism.  1-Butanol and 2-butanol have similar rate constant 
values.  That might have contributed to the pathway they followed.  Moreover, the values 
of the rate constants of the primary and the secondary butanols were bigger than the 
values of the rate constant of the tertiary butanol.  That also could have contributed to the 
different reaction pathways.  According to these values, the rate of the chlorination 
reactions of the primary and the secondary butanols was much higher than the rate of the 
tertiary butanol.  
Recommendations/Proposals for Future Work 
Fast reactions require specific techniques to determine the rate constants.  Many 
factors directly affect the rate of the reaction.  For instance, lowering temperatures is a 
factor with high influence on the reaction rate.  Usually, a decrease in temperature is 
accompanied by a decrease in the reaction rate.56  Decreasing temperatures means 
decreasing the kinetic energy of molecules that can decrease the chance for molecules to 
collide and interact effectively.  Decreasing temperatures also increase the viscosity of 
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the solutions and hence the rates of the reaction.  Future studies of this reaction at 
reduced temperatures could provide a more accurate determination of the rate constant 
and rate law of the reaction. 
Using very dilute solutions has another impact on the chemical kinetics.  The 
number of collisions per unit time can be decreased by reducing concentrations.  This 
would lead to lowering the reaction rates (except for zero-order reactions) and allow a 
more accurate determination of the reaction kinetics.  For example, alcohol substitution 
reactions follow either the SN1 or the SN2 mechanisms.  For a first-order reaction, 
decreasing the concentration by a factor of two decreases the rate by a factor of two. 
However, for a second-order reaction, the rate is proportional to the squared 
concentration values for reactions that depend on the concentration of one species.36 
In this research, efforts have been made to dilute the reactants to very dilute 
solutions but not so dilute as to lose the absorbances of the compounds in the IR or UV-
vis spectrum.  To have valid data, changes in absorbance values should be observable. 
The use of more sensitive spectroscopic techniques might allow the concentrations to be 
reduced further, thus slowing the reaction. 
In future studies, stopped-flow techniques at low temperatures should be 
considered to insure both the complete mixing and the more accurate kinetic study 
especially when using the FT-IR.  Another way to improve the study would be to design 
a longer UV-vis cuvette instead of using the 1 cm path length cell.  The concentrations 
could then be decreased dramatically and aid in the uncertainty of the data.  
Another future plan would be to isolate the halide product in order to calculate the 
percentage yields to determine the efficiency of the chlorinating reagent.  Because high 
70 
 
yield is important for industrial scales, such information would also be useful for this 
reaction.  Moreover, the isolated product can be used to study the mechanism. Carroll57  
stated that chiral substrates react to give chiral products with inversion in configuration in 
case of the SN2 mechanism while SN1 mechanism involves the formation of racemic 
mixtures or at the very least a partial scrambling of the stereochemistry.57 
The stereochemistry of the reaction can be monitored by measuring the optical 
activity of the reaction as it is being performed.  If the optical activity changes to the 
optical activity of the inverted halide, the reaction would be expected to follow an SN2 
mechanism.  The rate of change of the optical activity from one to the other could be 
monitored to determine the rate constant of the reaction.  If the optical activity of the 
reaction did not progress entirely to match the optical activity of the expected inverted 
product, then an SN1 mechanism would be expected.  Again, the rate of change of the 
optical activity could be monitored to determine the rate constant of the reaction.  
Unfortunately, the use of optical activity would not possible with a primary alcohol as 
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